potato as well as many other crops, rotations are essential to maintain crop productivity and reduce the build-up of soilborne plant pathogens and diseases, which can devastate crops grown in multiple consecutive years (13, 14, 32) .
Cover crops are defined as crops grown primarily to cover and protect the soil from erosion and nutrient losses between periods of crop production (55) . Cover crops may provide multiple benefits to crop production, including reduction of erosion, addition of organic matter, improved soil structure and tilth, addition and recycling of nitrogen, and greater productivity, as well as the potential for improved management of weeds, pests, and diseases (16, 43, 55, 59, 64) .
Within potato (Solanum tuberosum L.) production systems, numerous soilborne diseases are persistent and cause recurrent problems, including reducing plant growth and vigor, lowering tuber quality, and reducing yield. Soilborne potato diseases of most concern in the northeastern United States and other potato-growing regions include Rhizoctonia canker and black scurf, caused by Rhizoctonia solani Kühn; common scab, caused by Streptomyces scabiei (Thaxter) Lambert & Loria; powdery scab, caused by Spongospora subterranea (Wallr.) Lagerh. f. sp. subterranean J. A. Toml.; white mold, caused by Sclerotinia sclerotiorum (Lib.) de Bary; silver scurf, caused by Helminthosporium solani Durieu & Mont.; pink rot, caused by Phytophthora erythroseptica Pethybr.; and Verticillium wilt, caused by Verticillium dahliae Kleb. Most of these diseases are difficult to control, and there are few effective control measures readily available. Any improvements in disease management possible through crop rotation and/or the use of cover crops would be a welcome addition to the available tools for reducing soilborne diseases and improving crop productivity.
Current production practices in the northeastern United States and many other potato production areas are based on a 2-year rotation with a low-maintenance grain forage crop (such as barley or oat). Such 2-year rotations with a variety of crops (alfalfa, oat, vetch, lupin, buckwheat, and ryegrass) have been observed to reduce the incidence or severity of some soilborne potato diseases relative to continuous potato (27, 29, 60, 68) . However, longer rotation lengths of 3 or 4 years between potato crops have been shown to be more effective than 2-year rotations in controlling soilborne diseases (11, 25, 26, 52, 53) . Within the framework of the 2-year as well as the longer rotations, different rotation crops may provide very different effects, with some providing better management of soilborne diseases and crop productivity than others.
Crops in the Brassicaceae family, for example, which include broccoli, cabbage, cauliflower, turnip, radish, canola, rapeseed, and various mustards, produce sulfur compounds that break down to produce isothiocyanates that are toxic to many soil organisms as part of a process referred to as biofumigation (56) . Use of these plants as rotation, cover, or green manure crops has been observed to reduce soilborne diseases or populations of fungal pathogens and nematodes (6, 36, 45, 57) , and to improve soil characteristics and crop yield (48) . Further studies have indicated that additional mechanisms, including specific changes in soil microbial communities unrelated to levels of toxic metabolites, are also important in the reduction of soilborne diseases by Brassica crops (12, 36, 47) .
Plants are a primary driver of changes in soil microbial communities, and many recent studies have documented the effects of crop rotations on microbial communities (34, 37, 41, 66) . Biological diseasesuppression is a result of complex changes in soil microbial community characteristics. Because crop rotations, cover crops, and green manures can dramatically affect soil microbial communities (18, 50, 62, 65) ; the use of specific crops for their effects on soil microbial communities and the development of disease-suppressive soils is a viable approach to disease management, sometimes referred to as active management of soil microorganisms (18, 28, 46, 54, 62, 67) . The goal of this approach is to manipulate, alter, or augment the microbial characteristics of the soil through various management practices that increase soil microbial activity, diversity, populations of plant-beneficial organisms, and antagonism toward pathogens, resulting in disease suppression. Unfortunately, relatively little is known regarding the specific populations, characteristics, interactions, and relationships among plants and soil microorganisms that result in disease suppressiveness. More information is needed to relate crop management effects on soil microbial communities and their relationship to soilborne diseases.
Although several studies have evaluated crop rotation effects on specific diseases or yield in potato cropping systems, few have extended assessments beyond the first or second rotation cycle in order to get a more complete picture of the cumulative or long-term effects (26, 52) . Also, although cover crops are known to have some positive effects on soilborne diseases in general, there is little information available specifically regarding effects of cover crops on soilborne potato diseases, and even less that includes relative effects of both rotations and cover crops within the same study. In previous research, we reported on some of the effects of different rotation crops on soil microbial communities within the first few years of different 2-year rotations (34) , and showed some of the impacts of these rotation crops on disease development and their potential relationship with soil microbial communities (37) . In this research, we summarize some of the cumulative effects of different 2-year crop rotations on the development of soilborne disease and tuber yield in fields over a 10-year period (four or five rotation cycles), and also assess the effects of each rotation with and without the addition of a fall cover crop on soilborne disease, tuber yield, and soil microbial communities.
MATERIALS AND METHODS
Field site and sampling. Research plots were established at a United States Department of Agriculture field site in Newport, ME (44°52′N, 69°17′W) in 1997 and 1998 for the purpose of developing a longterm site for study of specific 2-year cropping systems for potato production. Soil type at the site is a Nokomis sandy loam, a coarse-loamy, mixed, frigid, Typic Haplorthod. Experiments were set up as randomized complete block designs consisting of four replicate plots (24.4 by 3.7 m) for each of seven 2-year rotations. Each rotation was assigned to specific designated plots and maintained on these plots throughout the study period. To accommodate the need for potato crop data each year, two identical field experiments (same experimental design and 2-year rotations) were established in separate but adjacent fields in 1997 and 1998, respectively (field 1 planted to rotation crops in 1997 and potato in 1998; field 2 planted to rotation crops in 1998 and potato in 1999, and so on). Thus, between the two fields, both potato and rotation crops were grown each year (field 1 in potato in even years and field 2 in potato in odd years). All data collection, evaluations, and analyses were conducted only in the potato crop years in each field.
Crops used in rotation with potato included canola (Brassica napus L.), green bean (Phaseolus vulgaris L.), millet (Panicum miliaceum L.), soybean (Glycine max L.), and sweet corn (Zea mays L.), in addition to the current industry standard rotation of barley (Hordeum vulgare L.) underseeded with red clover (Trifolium pratense L.) and a continuous potato (nonrotation) control. Tillage for all plots consisted of primary tillage in the spring with a chisel plow and then secondary tillage of one to two diskings prior to planting. Cut seed pieces of potato cv. Russet Burbank were planted by hand in each plot (four rows, 0.9 m between rows, with a 35-cm spacing between plants, or approximately 276 seed pieces/plot ). Potato plots were fertilized with the equivalent of N at 224 kg ha -1 and P 2 O 5 and K 2 O at 249 kg ha -1 . In-season cultivation included one or two shallow passes with a cultivator and one pass with a hiller. Potato plots were also sprayed regularly throughout the growing season with alternating applications of mancozeb and chlorothalonil at recommended rates for the control of late blight. All other crops were managed using recommended production practices, including fertilizer rates and weed control measures for that particular crop. Pesticides were applied only during the potato phase of the rotations. In 2001, millet was replaced by rapeseed (B. napus 'Dwarf Essex') and rapeseed was used in all subsequent years. Rapeseed was grown for 2 months, then incorporated as a green manure. These rotations were maintained through 2006, for a total of 10 years (and five rotation cycles) in the first field (established in 1997), and 8 years (four rotation cycles) in the adjacent field (established in 1998).
In 2002, all plots were split in half (to 12.2 by 3.7 m) to evaluate the additional effects of a fall cover crop of winter rye (Secale cereale L.) within each rotation.
Winter rye was planted over the stubble of previous crops with a no-till drill on half of each plot following fall harvest in both the rotation and potato phases of the 2-year rotation. None of the plots received any additional fall tillage. In the case of barley/clover, because a cover crop was already included in that rotation (clover underseeded with the barley), a different cover crop, ryegrass (Lolium multiflorum L.), was implemented as an alternative underseeded cover crop with barley. Experimental design was a split block, with rotation as the main plot and cover crop as the split treatment. Thus, from potato year 2003 on, in addition to comparisons among rotation crops, comparison of each crop with and without the addition of a fall cover crop was made. An additional assessment of fall ground cover was made to compare effects of the cover crops on reducing the amount of bare soil present during the fall months in each rotation. Fall ground cover was assessed approximately 4 weeks after planting of the fall cover crops following harvest. Ground cover was estimated using the line intercept method (49) . A linear transect with 50 points was placed across the soil and residue; the number of points directly over bare soil was noted (remaining points were over either living or dead plant material). Four transects were used per plot, for a total of 200 points.
Soil samples were collected from each plot twice during the growing season, in the spring (preplant) and in the fall (postharvest). Soil samples consisted of eight soil cores (15 by 2 cm in diameter) taken from the middle two rows or the middle 2-m section for crops with closer spacing and many rows. All eight cores were combined to make one composite soil sample per plot at each sampling date. Upon return from the field, soil samples were passed through a 3.35-mm sieve to remove rocks and large organic debris. Samples were stored in plastic bags at 10°C and processed within 1 to 4 weeks after sampling. Soil microbial analyses were conducted on every soil sample, with three subsamples processed from each composite soil sample for most assays.
Soilborne potato disease and tuber yield. Beginning in the potato crop year 2000, potato plants were monitored in the field for signs and symptoms of soilborne diseases, including Rhizoctonia canker, white mold, and Verticillium wilt. In August of each year, two potato hills were selected from rows 1 and 4 of each plot. Each hill contained multiple potato stems per plant. These were destructively sampled (hand dug) to more accurately assess Rhizoctonia canker incidence and severity (cankers on stems and stolons assessed individually). Severity was determined on each stem or stolon using a 0-to-5 rating scale, with 0 = no symptoms; 1 = discoloration, slight lesion; 2 = substantial lesion and necrosis covering <50% of stem or stolon diameter; 3 = lesion covering >50% stem or stolon diameter; 4 = large lesion girdling stem (100%); and 5 = stem (or stolon) girdled, plant (or stolon) dead. Severity values from multiple stems and stolons per plant were combined to produce an average severity value for each observation. If symptoms of early dying (wilt, chlorosis, defoliation, or premature senescence) were observed in the field, all plots were then visually assessed for the full extent of wilt symptoms (estimated as a percentage of the total plants per plot, or wilt incidence). At this time, plant (stem) samples were also collected from each plot, surface sterilized in 0.5% NaOCl, rinsed in sterile water, cut into sections, and plated on a semiselective Verticillium medium (30) for verification of vascular infection by V. dahliae.
In October of each year, potato tubers were harvested from rows 2 and 3 of each plot. From 1999 to 2002, a 12.2-m row section was harvested and, from 2003 to 2006, a total of 30.2-m of row was harvested from each plot. Tubers were washed and graded. Yield was evaluated as the total weight of tubers per hectare, and marketable weight as the total weight of tubers greater than 114 g each. The percentage of obviously malformed or misshapen tubers was determined from the weight of misshapen tubers relative to the total weight of all tubers harvested. A subset of the harvested tubers, consisting of at least 30 tubers of marketable weight, was rated for incidence and severity of soilborne tuber diseases after at least 1 month in storage at 10°C. Tuber diseases rated included black scurf, common scab, powdery scab, and silver scurf. Disease severity for all tuber diseases was determined as the approximate percent surface coverage of the visible symptoms on each tuber. Because tuber diseases covering an area of approximately 2% or greater of the tuber surface affect marketability, 2% was considered the threshold for assessing economically important severity levels of these diseases.
Microbial community characteristics. Soil microbial populations. General populations of culturable soil microorganisms were determined by soil dilution plating on agar media. For each of three subsamples from each composite soil sample, 10 g of soil was weighed and added to 90 ml of sterile 0.2% water agar, vigorously stirred for 5 min, and serially diluted and plated on 0.1% tryptic soy agar for total bacterial counts, as well as on potato dextrose agar amended with 50 mg of chlortetracycline and tergitol at 1 ml liter -1 for total fungal counts (39) . Bacterial plates were incubated at 28°C for 3 days, and fungal plates at 25°C for 7 days, prior to enumeration of viable colonies.
Substrate utilization (SU) profiles. The capability of soil microbial communities to use a variety of sole carbon sources was assessed using Biolog GN2 plates (Biolog Inc., Hayward, CA) by a procedure adapted from Garland and Mills (19) as previously described by Larkin (34) . One GN2 plate was prepared for each of two soil subsamples (10 g of soil serially diluted as described for microbial plate counts), with 150-µl aliquots of a final dilution of 1:5000 added to each of the 96 wells per plate. The plates were incubated at 22°C and optical density was determined on a plate reader at 590 and 760 nm after 72 and 96 h of incubation. Optical density readings were corrected for the control (blank) wells on each plate before data analyses. SU data were also analyzed for substrate richness (the number of substrates utilized) and substrate diversity (using Shannon's diversity index). Average well color development (AWCD), calculated as the average optical density across all wells per plate, was used as an indicator of general microbial activity (34) .
Fatty acid methyl ester (FAME) profiles. Soil community fatty acid profiles were constructed from whole soil extractions of FAMEs according to a modification of the Microbial Identification System (MIS; MIDI, Inc., Newark, DE) standard protocol as described by Larkin (34) . Extractions were conducted on each of three 4-g soil subsamples per plot. Each sample was saponified, mixed, heated, methylated, mixed, cooled, extracted, and washed as previously described (34). The organic phase was then transferred to a vial for subsequent analysis by gas chromatography using an automated procedure developed by MIDI, Inc. for an HP 6890 gas chromatograph (Hewlett-Packard, Wilmington, DE) with an HP Ultra-2 capillary column and flame ionization detector. The fatty acids were identified according to the Eukary method and naming table software developed for the MIS. The fatty acid nomenclature used is as follows: total number of carbon atoms = number of double bonds, followed by the position of the double bond from the methyl end of the molecule. Cis and trans geometry are indicated by the suffixes c and t. Anteiso-and isobranching are indicated by the suffixes ant and iso. Only fatty acids which accounted for at least 0.25% of the total fatty acid content over all observations from any given sampling date were included in the analyses. This prevented fatty acids that were only sporadically detected or unreliably quantified from influencing the analyses (4, 34) . In addition, dicarboxylic acids and fatty acids with a chain length of >20 carbons were not included in the analyses because these are generally not of microbial origin (69) . With these criteria, analyses consisted of 40 to 45 unique fatty acids.
Data analyses. Soilborne disease, yield, and microbial population counts were analyzed by analysis of variance (ANOVA) with factorial treatment structure and interactions (randomized complete block design for main rotation effects, split-block design for cover and no-cover effects [2003 to 2006] ). The SU and FAME data were analyzed by principal components analysis using the covariance matrix followed by multivariate ANOVA (21) and by canonical variates analysis, which serves to maximize differences among treatment groups (7) . The SU data also were analyzed by analysis of covariance and adjusted least square means compared among rotations for substrate richness and diversity analyses. To account for the influence of AWCD on SU patterns, AWCD was used as a covariate in these analyses (23) . Data from each potato crop year were analyzed separately, and then data from multiple years were also combined and analyzed together (with year as an additional factor and including all interactions) to evaluate cumulative and multiyear effects of the rotation and cover crops. Area under the disease progress curve (AUDPC) calculated for disease severity measurements over multiple years was also used as an assessment of rotation effects over time (8) . Correlation analysis (Pearson's product-moment correlation) was used to assess associations among environmental factors (average monthly temperature and rainfall), disease ratings, and yield over multiple years. In addition, coefficients of variation were calculated to assess overall variability associated with yearly fluctuations in yield and soilborne disease compared with rotation effects within years. Significance was evaluated at P < 0.05 for all tests. Mean separation was accomplished with Fisher's protected least significant difference test. All analyses were conducted using Statistical Analysis Systems (ver. 9.1; SAS Institute, Cary, NC), with the general linear models procedure used for all ANOVA analyses. Most assays consisted of three subsamples and four replications (blocks). All SU data presented are based on 72-h incubation readings.
RESULTS
Rotation crop effects on soilborne diseases. Over the course of the study, represented by the seven consecutive years (2000 to 2006) that in-depth assays of soilborne disease were conducted, significant differences among rotation crops in the development of soilborne diseases were consistently observed. The predominant soilborne diseases throughout the study were Rhizoctonia canker on the potato plants (stems and stolons) in the field, and black scurf and common scab on the harvested tubers. Silver scurf and powdery scab were observed at very low levels throughout the study (in <0.2% of rated tubers) and did not occur at sufficient levels required to monitor and make comparisons among rotations. Overall, canola, rapeseed, sweet corn, and barley/clover as rotation crops reduced the severity of Rhizoctonia canker relative to the potato nonrotation control (P = 0.001). Canola and rapeseed rotations provided the greatest reduction, ranging from 15 to 45% in individual years and averaging 20 to 23% over all 7 years (Fig. 1A ). Soybean and green bean rotations did not reduce canker severity. Canola and rapeseed rotations were also most effective in reducing black scurf on tubers. These rotations had lower scurf severity than most other rotations and reductions of 32 to 38% relative to the continuous potato control (P = 0.0002) (Fig. 1B) . Similar reductions in the incidence (percentage of tubers showing symptoms) of black scurf were also noted (P = 0.0001, data not shown). In particular, canola and rapeseed rotations reduced the incidence of tubers showing economically important scurf levels (2% or greater surface area), from 57% in continuous potato to 29 and 32% (reductions of 44 to 49%) in rapeseed and canola, respectively (P = 0.001). Rotation effects on common scab were more modest than for black scurf but, overall, canola and rapeseed rotations reduced common scab severity by 18 to 21% relative to continuous potato (P = 0.009; Fig. 1C ). No other rotation crop resulted in consistent reduction of common scab. Although year as a factor was highly significant (P = 0.0001) for all soilborne diseases, the interaction between year and rotation was not significant for any disease parameter (P = 0.078 to 0.836).
Rotation effects on tuber yield. Averaged over all eight seasons during which yield data were taken, modest but significant differences in total tuber yield were observed among rotations. Canola averaged 6.8% higher tuber yield than continuous potato, 8.2% higher than barley/clover, and 14.7% higher than green bean (P = 0.011; Fig. 2A ). Green bean rotations resulted in the lowest overall yields, significantly lower than canola, sweet corn, and soybean, averaging about 7% lower than continuous potato. No other rotation crop consistently affected tuber yield. Overall marketable yield based on size, as well as the distribution of different tuber size classes, varied among rotations and by year but was not consistently or significantly affected by rotation crop (P = 0.478). However, tuber quality, as determined by misshapenness and tuber surface defects, was significantly affected by rotation crop. Averaged over all eight seasons, barley, rapeseed, soybean, and canola rotations all reduced the percentage of misshapen tubers by 40 to 55% (P = 0.0001; Fig. 2B ). The interaction between year and rotation was not significant for any yield parameter (P = 0.067 to 0.836), with the exception of percent misshapen tubers (P = 0.001).
Year-by-year effects and trends. Although average rotation effects represent the cumulative and consistent effects observed over several years, there can be much variability both within and among the different rotation crops from year to year, and yearly results also may isolate trends or impacts that may be obscured in multiyear averages. Yearly rotation effects on black scurf and common scab severity and tuber yield are graphically summarized in Figure 3 . Black scurf was the primary soilborne disease observed in the early years of the study and remained at consistently high levels (severity of approximately 2.0 to 3.5% tuber coverage) in the potato, soybean, and green bean rotations throughout the study period (Fig.  3A) . Significant rotation effects on black scurf severity were evident in all 7 years of disease assessment. Canola rotations resulted in significantly lower black scurf than continuous potato in 6 of the 7 years, and yearly severity values ranged from 0.5 to 2.0% (Fig. 3A) . Although the originally planted rotation crop of millet had no significant effect on scurf in the years it preceded potato (2000 and 2001), once it was replaced in the rotation by rapeseed, significant reductions were observed in scurf severity, beginning in 2003 and continuing each subsequent year, averaging the lowest scurf severity of any rotation from 2003 on (yearly severity values between 0.65 and 1.67%). The barley/clover rotation resulted in significant reductions in scurf severity for the first few seasons (through 2001), with severity values below 1.5%, but then the disease increased in subsequent years to levels comparable with those of potato and soybean rotations (severity >2%). Another estimate of overall effects that takes into account all of the yearly fluctuations is AUDPC which, over all 8 years of black scurf data, indicated that rotation was highly significant (P < 0.0001). Rapeseed and canola rotations reduced AUDPC for black scurf severity by 28 and 30%, respectively, compared with continuous potato, and by 35 to 36% relative to the soybean rotation. Barley/clover also reduced AUDPC by 16% relative to continuous potato. Sweet corn rotations showed the greatest year-to-year variability in black scurf severity (Fig. 3A) , with much higher disease levels observed in even years (2.4 to 2.6%) than in odd years (1.6 to 1.9%), indicating differences between the two experimental fields. No other rotation crop resulted in distinct differences related to the particular field experiment.
Common scab, in comparison, was not observed in the first few years of the study but steadily increased from barely detectable levels in 2002 (<0.5% severity) to very high levels in 2005 (7 to 10% severity) in all rotations. However, there were still significant rotation effects on common scab noted in 3 of the 5 years that common scab was notable (Fig. 3B) . In those years (2002, 2003, and 2005) , rapeseed and canola rotations resulted in significant reductions in scab severity (20 to 54% reduction), and sweet corn and barley also reduced severity in 2003 (35 to 50% reduction) relative to continuous potato. Canola and rapeseed rotations nominally reduced AUDPC values for common scab severity over all years by approximately 16% relative to continuous potato but overall differences among rotations were not statistically significant (P = 0.232).
Tuber yield was highly variable, both within and across rotations and from year to year, with yearly rotation yields ranging from 15 to 32 Mg/ha (and individual plot yields ranging from 9 to 38 Mg/ha). Yearly fluctuations in yield, determined primarily by environmental conditions, were generally greater than rotation effects within years, as is evident in Figure 3C . The coefficient of variation (CV) related to yearly changes in yield was 16.0, more than double the average CV of 7.2 (range of 2.7 to 10.2) for rotation effects within each year. A further indication of the influence of yearly environmental conditions is that total yield was correlated with monthly summer rainfall totals, being most significant for the month of August (r = 0.62, P < 0.0001). Yield was also negatively correlated with average August temperature (r = -0.58, P < 0.0001). Thus, low rainfall and high average temperatures in August resulted in low yield, as was evident in the hot, dry summers of 2001, 2002, and 2003 . Based on these factors, yield was generally more closely related to environmental conditions than to differences in crop rotations (Fig. 3C) . Although some nominal trends were fairly consistent from year to year, statistically significant rotation effects on tuber yield were observed only within a few of the 8 years of study. Canola resulted in greater yield than other rotations in 1999, 2000, and 2004, with yields greater than green bean in all 3 years (16 to 26% greater), greater than potato and soybean in 1999 and 2000 (18 to 20%), and greater than barley (28%) in 1999. Barley also resulted in higher yields than green bean, canola, and rapeseed in 2003 (14% higher than that of green bean) (Fig. 3C) .
Occurrence of Verticillium wilt. Although not present during earlier years, in the 2005 field season, and then again in 2006, symptoms of early dying (wilt, chlorosis, defoliation, or premature senescence) became evident in potato plants throughout the field by early August. Assessment and sampling of the plants verified infection by V. dahliae, and plot-byplot disease assessments of wilt symptoms were made. By 1 September 2005, wilt incidence was moderate to high in all potato plots, ranging from 40 to 75% of plants showing symptoms. Although all plots were affected, significant differences in wilt among the rotation crops were observed, with barley, rapeseed, and sweet corn rotations resulting in lower wilt inci- Fig. 4) . Plating of potato stems sampled from the field indicated that the percentage of plant stems actually infected with V. dahliae was even higher, averaging 80 to 100% infection across all rotations (data not shown). In 2006, wilt incidence in the potato plots on 1 September was higher than in 2005, ranging from 64 to 98% among rotations. Significant differences among rotation crops were observed, with the barley rotation resulting in lower wilt incidence (64%) than all other rotations, and canola, green bean, rapeseed, and sweet corn rotations showing less wilt (79 to 81%) than soybean and potato rotations (95 to 98% wilt) (P = 0.0001; Fig. 4) .
Cover crop effects on ground cover and soilborne diseases. Addition of a fall cover crop of winter rye to each of the existing rotations increased fall ground cover overall when ground cover was measured 4 weeks after the fall planting (Table 1) . Both rotation and cover crop significantly affected fall ground cover (P < 0.0001), and there also was a significant interaction between rotation and cover crop (P < 0.0001). The fall cover crop had the greatest effect on ground cover in rota- 
single degree-of-freedom contrasts), whereas the fall cover crop had almost no effect in rotations that already maintained high ground cover, such as canola and rapeseed. The barley rotation, which included an underseeded cover crop of either clover or ryegrass (and, thus, did not have a direct cover-no cover comparison) showed the highest fall ground cover regardless of whether the cover crop was clover (no cover factor) or ryegrass (cover). As expected, potato rotations showed almost no ground cover (<4%), which was increased substantially with addition of the cover crop (to 13%) but was still the lowest of all rotations ( Table 1) .
Addition of the fall cover crop resulted in significantly reduced black scurf severity (by 12.5%) when averaged over all rotations ( P = 0.0001), and significantly reduced scurf severity within each of the rotations (10 to 14% reduction, P = 0.0009 to 0.020), with the exception of rapeseed (P = 0.912) ( Table 1) . Although scurf severity was not reduced by the addition of the cover crop within the rapeseed rotation, that rotation already had the lowest scurf level of any rotation. The biggest cover crop effect was observed in the barley rotation when the underseeded clover cover crop was replaced with ryegrass, and resulted in a reduction in scurf severity of 19%. In addition, although scurf severity in the barley/clover rotation was comparable with that of potato or soybean rotations, the barley/ryegrass rotation resulted in scurf levels significantly lower than those of the soybean and potato rotations with cover crops (Table 1) . Overall, the combination of a canola or rapeseed rotation in conjunction with a winter cover crop reduced scurf severity by 35 to 41% relative to the potato or soybean rotations without a cover crop or by 30 to 37% relative to the barley/clover rotation.
Severity of common scab was also significantly affected by addition of a winter rye cover crop, although to a lesser degree than severity of black scurf (P = 0.013). Common scab severity was high in all plots but the addition of the cover crop reduced overall scurf severity approximately 8%, and significantly reduced scab severity in three of the rotations (canola, rapeseed, and potato) by 5 to 9% (P = 0.028, 0.002, and 0.003, respectively; Table 1). As with scurf, the greatest decrease in common scab was achieved by replacing clover in the barley rotation with ryegrass, which reduced scab by 16% (P = 0.001) and resulted in significantly lower scab for the barley/ryegrass rotation compared with the sweet corn, soybean, and potato rotations with cover crop (P = 0.001). Whether with or without a cover crop, canola and rapeseed rotations resulted in lower levels of black scurf and common scab than any other rotation (Table 1). The combined effect of using a canola or rapeseed rotation in conjunction with a winter rye cover crop reduced common scab severity by 29 to 30% relative to continuous potato or by 25 to 26% relative to a barley/clover rotation.
Cover crop effects on tuber yield. Over all rotations, addition of a cover crop resulted in a small but significant increase in total tuber yield of about 4% (P = 0.008) ( Table 1) . Within individual rotations, addition of the cover crop significantly increased yield in the canola, rapeseed, sweet corn, and soybean rotations (P = 0.038, 0.0.034, 0.046, and 0.036, respectively), with increases of 5.3 to 9.0%. No effect of cover crop on yield was observed in the green bean and potato rotations. With or without the cover crop, green bean rotations resulted in the lowest yields of all the rotations. Replacing the underseeded cover crop clover with ryegrass in the barley rotation resulted in a small (approximately 3.5%) but not statistically significant increase in total yield (P = 0.093). Addition of the cover crop resulted in overall similar increases in marketable yield as observed with total yield (P = 0.017), but cover crop did not significantly affect the percentage of misshapen tubers, either overall or within individual rotations (P = 0.071 to 0.816, data not shown).
Rotation and cover crop effects on soil microbial communities. Various aspects of soil microbial communities, including populations of culturable bacteria and fungi, microbial activity, soil substrate utilization profiles, and soil FAME profiles, were significantly affected by both rotation and cover crop, as well as the interaction of rotation and cover crop throughout the study. Based on the average values from soil samples collected over three cropping seasons (sampled in the spring following the rotation crop and prior to planting potato), barley/clover rotations averaged higher general bacterial populations than all other rotations (P = 0.0001). Rapeseed rotations resulted in the next highest populations, and soybean, sweet corn, and potato rotations averaged the lowest soil bacterial populations (Table  2) . Culturable bacterial populations in continuous potato soils averaged roughly half of those present in the barley/clover rotation soils. Addition of the winter rye cover crop to the existing rotations resulted in overall increases in bacterial populations across all rotations, and significantly higher populations in five of the six rotations (P = 0.0001 to 0.001) (all but rapeseed, P = 0.269), resulting in increases of Table 1 . Effects of different rotation crops with and without an additional fall cover crop of winter rye on ground cover (measured in the fall), black scurf and common scab tuber diseases, and total tuber yield evaluated over three potato cropping years (3- Cover refers to the presence of a fall cover crop of winter rye following each rotation crop and No Cover refers to the absence of any cover crop (fall fallow). However, for the barley rotation only, because that original rotation included an underseeded cover crop of clover, a different underseeded cover crop (ryegrass) was used for the Cover treatment. Thus, for barley only, Cover refers to the ryegrass cover crop and No Cover refers to the original clover cover crop. Means within each column followed by the same letter are not significantly different according to Fisher's protected least significant difference (LSD) test at P = 0.05. Means followed by an asterisk are significantly less than the corresponding mean in the cover crop or no cover crop comparison for that rotation crop and factor combination, based on single degree of freedom contrast at P = 0.05. z Severity of black scurf and common scab were estimated based on the average percentage of tuber surface covered with lesions. In total, 120 tubers were assessed per treatment (4 replications × 30 tubers/replication) per year. Cover refers to the presence of a fall cover crop of winter rye following each rotation crop and No Cover refers to the absence of any cover crop (fall fallow). However, for the barley rotation only, because that original rotation included an underseeded cover crop of clover, a different underseeded cover crop (ryegrass) was used for the Cover treatment. Thus, for barley only, Cover refers to the ryegrass cover crop and No Cover refers to the original clover cover crop. Means within each column followed by the same letter are not significantly different according to Fisher's protected least significant difference (LSD) test at P = 0.05. Means followed by an asterisk are significantly less than the corresponding mean in the cover crop or no cover crop comparison for that rotation crop and factor combination based on single degree of freedom contrast at P = 0.05. y Total culturable soil bacterial and fungal populations were determined by serial dilution plating on 0.1-strength tryptic soy agar and potato dextrose agar with antibiotics, respectively. Composite soil samples were collected from each plot in the spring of each year following the rotation crop and prior to planting the potato crop. Three subsamples were independently plated for each composite soil sample. z Relative general microbial activity was estimated by the average well color development (AWCD; measured by optical density) representing average substrate utilization across all 95 carbon substrates in Biolog GN2 plates. Two subsamples and plates were prepared for each composite soil sample.
17 to 40%. Replacing clover with ryegrass as the underseeded cover crop with barley, however, resulted in an average reduction in bacterial populations (P = 0.0003; Table 2 ). With no cover crop, barley/clover and potato rotations averaged the highest culturable fungal populations. Soybean and green bean rotations averaged the lowest (P = 0.001; Table 2 ). Addition of the winter rye fall cover crop to the rotations resulted in an overall reduction in soil fungal populations (P = 0.003), and significant reductions were associated with canola, rapeseed, and sweet corn rotations (P = 0.0006, 0.026, and 0.047, respectively). Replacing the clover cover crop with ryegrass in the barley rotation had no significant effect on fungal populations, although a slight increase was observed (P = 0.276). With the cover crop added, barley/ryegrass and continuous potato averaged higher fungal populations than all other rotations (P = 0.0001; Table 2) .
General microbial activity, as estimated by average substrate utilization across numerous carbon sources, tended to be highest in soils from the barley/clover and rapeseed rotations and generally lowest in the potato rotations (P = 0.0001; Table 2 ).
Addition of the winter rye cover crop resulted in a general increase in microbial activity when averaged over all rotations (P = 0.0001), and significantly increased with the canola, green bean, sweet corn, and potato rotations (P = 0.052, 0.0001, 0.0003, and 0.016, respectively; Table 2 ). Replacing the clover cover crop with ryegrass in the barley rotation resulted in a small reduction in microbial activity (P = 0.046). With the cover crop added, rapeseed rotations averaged the highest levels of microbial activity (P = 0.0001).
Measures of substrate richness and substrate diversity from Biolog plates, as indicators of microbial functional richness and diversity, also were significantly affected by rotation and cover crop. Overall, barley rotations averaged the highest substrate richness and soybean and potato the lowest (P = 0.0001; Table 3 ). Substrate richness was also higher with the addition of a cover crop than without when averaged over all rotations, with significant increases observed within all rotations except barley and rapeseed. For substrate diversity, barley, canola, and sweet corn rotations averaged the highest diversity, whereas soybean and potato averaged the lowest (P = 0.0001). Addition of the fall cover crop increased substrate diversity averaged over all rotations, with significant increases observed within the canola, sweet corn, rapeseed, and green bean rotations (Table 3) .
Analysis of the soil fatty acid data indicated that soil FAME profiles were distinctly different among the different crop rotations (P = 0.0001), and that addition of a cover crop to the rotations also resulted in detectable changes in soil microbial community characteristics. Graphical depiction of the first two canonical variates (CV1 and CV2) from canonical variates analysis indicated that, in general, each crop rotation produced microbial characteristics distinct from each other rotation (Fig. 5) . For most rotations, the effect of the rotation crop was much stronger than that of the cover crop, evident by the greater separation of different rotation crops and closer proximity of the cover and no-cover values within a particular rotation (for sweet corn, soybean, canola, and rapeseed, in particular). However, the barley/clover rotation showed a much different profile than the corresponding barley/ryegrass rotation, indicating that this replacement results in dramatic changes in microbial community characteristics. Green bean rotations also showed a larger cover crop shift than most other rotations.
Looking further at FAME profiles among the rotations, fatty acid classes and individual FAMES representing different groups of microorganisms also differed significantly among rotations. Saturated straight-chain fatty acids, which are present in all organisms and not indicative of any particular group of organisms, ac- x Cover refers to the presence of a fall cover crop of winter rye following each rotation crop and No Cover refers to the absence of any cover crop (fall fallow). However, for the barley rotation only, because that original rotation included an underseeded cover crop of clover, a different underseeded cover crop (ryegrass) was used for the Cover treatment. Thus, for barley only, Cover refers to the ryegrass cover crop and No Cover refers to the original clover cover crop. Means within each column followed by the same letter are not significantly different according to Fisher's protected least significant difference test at P = 0.05. Means followed by an asterisk are significantly less than the corresponding mean in the cover crop/no cover crop comparison for that rotation crop and factor combination based on single degree of freedom contrast at P = 0.05. y Substrate richness refers to the average number of substrates utilized (optical density > 0.25) out of 95 total. z Substrate diversity refers to the Shannon diversity index calculated over all substrates from Biolog GN2 plates (72-h incubation).
counted for the largest FAME group for potato and soybean rotations but were substantially lower for barley, canola, and rapeseed rotations, whereas monounsaturated fatty acids, which are associated with gram-negative bacteria and mycorrhizae, tended to be highest in sweet corn and barley rotations and lowest in continuous potato (Table 4) . Polyunsaturated fatty acids, which are FAME indicators for fungi, tended to be highest in the rapeseed, barley, and canola rotations and lowest in the soybean and potato rotations. The ratio of monounsaturated to saturated fatty acids, which can be used as an indicator of soil environmental conditions, was highest for barley rotations and lowest for potato. Addition of a cover crop resulted in an overall increase in the percentage of monounsaturated fatty acids and in the ratio of monounsaturated to saturated fatty acids ( Table 4 ). The percent abundance of the individual FAME 16:1 ω5c, which is an indicator for arbuscular mycorrhizal fungi, was significantly higher within the sweet corn rotation than all other rotations, and was lowest in the rapeseed, canola, and potato rotations ( Table 5 ). The individual FAME that serves as an indicator for fungi, 18:2 ω6c, tended to be highest in the rapeseed, barley, and canola rotations, and lowest in continuous potato. Another FAME marker, 18:1 ω9c, which is present primarily in gram-negative bacteria as well some fungi, tended to be lower in the soybean and potato rotations than in the other rotations. Addition of the winter rye cover crop resulted in overall increases in the percentages of 16:1 ω5c and 18:1 ω9c but not 18:2 ω6c, relative to no cover crop.
DISCUSSION
In this research, long-term effects of different crop rotations were evaluated, and potato disease, yield, and soil microbial community data were collected over a 7-to 8-year period, representing several (four to five) 2-year rotation cycles. Canola and rapeseed were the most consistent and effective rotation crops for reducing the soilborne diseases commonly observed in these fields, including Rhizoctonia canker, black scurf, and common scab, with overall reductions (averaged over all seasons) ranging from 18 to 38%. Green bean and soybean rotations had no positive benefits related to any of the soilborne diseases, with disease development comparable with continuous potato (that is, no rotation at all). Barley/clover, on the other hand, demonstrated reductions in Rhizoctonia canker and black scurf through the first couple of rotation cycles, after which these diseases increased to levels comparable with continuous potato.
Some previous research had suggested that the rotation crop used in 2-year rotations was not that important as long as it was not a host to the pathogen in question, and observed that a wide variety of nonhost crops provided comparable reductions in Rhizoctonia canker relative to continuous potato (27, 29, 60) . However, these were short-term trials, and differences among rotation crops may have become more evident over time. Disease reduction also was assumed to be primarily the result of a break in the host-pathogen cycle or directly related to the amount of time between host crops rather than to specific properties of the rotation crop. It is important to consider that, generally, crop rotations can reduce soilborne pathogens by any (or all) of three general mechanisms: (i) by serving to interrupt or break the host-pathogen cycle of inoculum production, growth, or survival; (ii) by altering the soil physical, chemical, or biological characteristics, making the soil environment less conducive for pathogen development or survival, often stimulating microbial activity, diversity, or plantbeneficial microbes; and (iii) by direct inhibition of pathogens, either through production of inhibitory or toxic compounds in the roots or plant residues or by stimulating specific microbial antagonists which directly suppress pathogen inoculum (37) . There is a serious limitation to the first mechanism, in that most soilborne pathogens can survive many years in the absence of a host. Although it is often assumed that crop rotations act primarily through the first mechanism, this may not always be the case. Consequently, it is often stated that crop rotations are not very effective in controlling pathogens with wide host ranges or long survival periods (15, 61) . For crop rotations to be more effective in disease management, the second and third mechanisms (which involve the active suppression, reduction, or de- struction of pathogen propagules, survival, or disease-causing activity) must be more fully explored and exploited. Crops and rotations that take such an active role in reducing diseases can be referred to as disease suppressive. Grass and forage crops with extensive root systems grown as rotation or cover crops are known to increase microbial populations, activity, and diversity, and may also suppress diseases (1, 18, 20, 33) . Brassica crops, such as canola and rapeseed, actively affect pathogen populations and microbial communities. There has been much recent research and interest in the potential of Brassica crops for pest and disease management (36, 45, 48) . In other research, incorporation of Brassica residues had greater impact on soil microbial communities than other organic amendments or Brassica residues that were not incorporated, and also more effectively reduced soilborne disease (17) . In recent studies in potato systems, incorporation of either rye or mustard residues increased root health but mustard was superior to rye (58) , and a rapeseed cover crop efficiently suppressed weeds compared with other cover crops and also increased yield relative to fallow and ryegrass (9) . Our research supports the high potential for using Brassica crops as rotation, cover, or green manure crops for the suppression of soilborne diseases (34, (36) (37) (38) . For the most part, biofumigation through production of toxic metabolites is the presumed mechanism but additional recent research has indicated that effects mediated through soil microbial communities also play an important role (12, 36, 47) In addition, almost all of the previous biofumigation research with Brassica spp. has dealt with green manure crops. In the present research, canola was grown as a harvested cash crop and biomass was not incorporated into the soil. Thus, in this research, beneficial effects due to canola were not related to the biofumigation effects of incorporated green biomass but were simply a result of growing the plants in the soil. In previous research, canola and rapeseed green manures provided greater reductions in Rhizoctonia diseases than mustard crops with much higher glucosinolate levels, indicating that biofumigation products were not the primary mechanism of action (36) . Regardless of the mechanisms, or because of a combination of these mechanisms, Brassica crops appear to provide some management of multiple soilborne diseases.
In these studies, modest but significant benefits were attributed to the addition of the winter rye cover crop across all rotations. Although effects varied somewhat depending on the rotation used, overall, addition of the cover crop increased fall ground cover, reduced severity of black scurf and common scab tuber diseases by 12 and 8%, and increased tuber yield by 4%, when averaged over all rotations for three potato cropping seasons. Changing the cover crop underseeded with barley from red clover to ryegrass also resulted in significant reductions in black scurf and common scab (approximately 19%), supporting previous studies indicating that red clover can contribute to black scurf and common scab problems on potato crops (5, 37) . Thus, ryegrass may be a preferable cover crop for underseeding with barley in potato rotations.
Red clover, whether as a rotation or cover crop, has produced varying results in different studies. In a long-term (11-year) comparison among 2-year rotations on Prince Edward Island, Canada, a red clover rotation reduced soilborne diseases, including black scurf, common scab, and silver scurf, compared with ryegrass and barley but also resulted in higher populations of specific plant-parasitic nematodes, resulting in lower yields (10) . In some short-term trials in Maine, a red clover cover crop also was associated with lower soilborne diseases (24) . Red clover has also been associated with the stimulation of bacterial endophytes that are antagonistic to diseases and may enhance disease suppression (63) . However, in other shortand long-term rotation trials in Maine, red clover was associated with increased levels of R. solani and increased stem canker and black scurf (5, 37) . In these and other tests, it was observed that red clover may act as a host of R. solani under certain conditions, resulting in substantial increases in inoculum and disease relative to other rotations.
Verticillium wilt, although not detected in the fields through the first several years of these studies, developed to become a prominent problem in all plots in later years, with incidence of wilt ranging from 40 to 100% in 2005 and 2006. Although the barley rotation resulted in the lowest levels of wilt among the different rotations, wilt symptoms were severe in all plots and rotations. However, most of these effects were not evident until the fourth or fifth rotation cycle. Common scab also was observed to increase steadily in all rotations through the later years of the study. Thus, although some rotation crops significantly reduced soilborne disease relative to other 2-year rotations, none of the 2-year rotations were effective in preventing long-term increases in diseases such as Verticillium wilt and common scab. The development of disease problems only after several rotation cycles also is an indication of the importance of longer-term studies such as this. Disease assessments only based on short-term studies would have missed the development of these diseases, and could result in erroneous recommendations of potentially undesirable management practices. Such disease problems demonstrate the limitations of 2-year rotations; even with the best available rotation crop, 2 years between potato crops may not be sufficient to prevent build-up of some soilborne diseases. However, this research can also be helpful in determining which crops may be best to use within 3-or 4-year rotations to provide the best combination of attributes. Previous research with 3-year rotations and these same rotation crops also indicated the benefits of barley, canola, and sweet corn within the 3-year rotations (37) .
Our research indicates that each rotation crop can impart somewhat unique microbial characteristics, or at least influence the structure and function of those microbial communities (34, 35, 37) . Thus, it is possible that those crops that can support the most beneficial assemblage of rhizobacteria and soil microorganisms for potato health and productivity may have the best chance to provide effective disease suppression and, potentially, more sustainable crop production. In this study, and consistent with those previous studies, barley and Brassica rotations consistently had higher bacterial populations and microbial activity, as well as generally higher substrate richness and diversity, than most other rotations, whereas continuous potato (no rotation) resulted in the lowest levels for those microbial parameters. This finding supports the concept that, in general, higher microbial activity and diversity may help suppress crop diseases (18, 20, 67) . However, increased microbial activity alone is generally not sufficient, because many systems with high organic matter and high activity are not disease suppressive. For example, organic amendments, per se, were not consistently linked with disease suppression in a survey of hundreds of research studies; however, disease suppression was more closely related to microbiological parameters (such as microbial biomass, populations, and activity) than chemical parameters (such as chemical composition, C:N ratio, pH, and so on; 3). In our study, soil bacterial populations and microbial activity were significantly higher in the barley/clover rotation than the barley/ryegrass (with cover crop) rotation, yet barley/ryegrass resulted in significantly lower black scurf and common scab disease levels. In this case, the somewhat higher microbial populations for barley/clover were somewhat negated by the fact that clover can act as a host for R. solani and result in increased pathogen populations and disease problems (5, 37) . FAME profiles revealed distinct differences in soil microbial community characteristics associated with each rotation. Differences in FAME profiles were related to differences within both the bacterial and fungal communities. The differences generally associated with bacterial communities were primarily delineated along CV1 and those of fungi along CV2. Both of the Brassica crops, rapeseed and canola, resulted in very similar effects on microbial communities (same types of community shifts) but these effects were very different from all other rotations. FAME 16:1 ω5c was important for differentiating among cropping systems, with sweet corn and barley/ryegrass rotations showing high levels, indicating higher mycorrhizae populations, whereas potato and the Brassica rotations had low levels. Thus, although mycorrhizae may have been associated with disease reduction in barley rotations, they were not related to disease reduction within Brassica rotations. Microbial community differences between continuous potato and Brassica rotations were more closely related to differences in fungal characteristics. Thus, the specific ways that these Brassica crops effect microbial communities appear to be quite distinct from most other crops or other additions of organic matter (17) . In potato research in Italy, fungal diversity was greater and species composition differed in longer rotations than in continuous or short-term rotations, and nonrotations resulted in increased pathogen densities (44) . Although the indication of low fungal populations for continuous potato by the FAME data appears to contradict the dilution plate population results, there is a well-known explanation for this, as discussed in our previous research (34, 37) . Plate counts can be dominated by spores and conidia, and we have previously shown that a particular Penicillium sp. that is associated with potato roots (populations increased with potato cultivation) produces abundant conidia and largely accounts for the increased populations observed with plate counts in potato rotations. FAME data should more accurately reflect actual fungal populations active in the soil than plate counts (34, 37) .
The ratio of monounsaturated to saturated fatty acids has been used as an indicator of soil environmental conditions (69) , with values greater than 1 indicating relatively high C content and organic inputs, values right around 1 for most cultivated soils, and values less than 1 indicating soils characterized by low substrate and organic inputs. Results from the present study are consistent with our previous research findings, showing that continuous potato cropping had the lowest ratio (0.85), barley rotation the highest (1.12), and most other rotations right around 1.0 (34, 37, 38) .
In general, effects due to the addition of the cover crop, although significant, were minor in relation to the effects of the rotation crop itself. In previous research, crop rotation effects on soil microbial communities were also greater than those due to additions of biocontrol organisms or biological amendments (35) . More diverse cropping systems have resulted in greater soil microbial biomass and FAME differences (40) . In addition, it has been noted that additions of green manures often did not necessarily reduce pathogen populations or survival but did increase populations of microorganisms that were antagonistic toward the pathogens (15, 51) . Overall, our results suggest that the rotation crop is a primary determinant of the microbial community structure, shaping the microbial communities, whereas the fall cover crop can modify these communities to some degree but may have a more secondary influence relative to the summer season rotation crop effects.
In this study, reductions in soilborne disease associated with the use of cover crops were generally modest (5 to 20%). However, the combined effects of using a cover crop in conjunction with an effective rotation crop were substantial, and greater than using either approach separately. The combination of winter rye cover crop with canola or rapeseed rotations reduced black scurf and common scab by 25 to 41% relative to a continuous potato rotation and 21 to 37% relative to the barley/clover standard rotation. In addition, it should be noted that cover crops are not only to be considered for disease management. Cover crops are generally used for the many other positive benefits they contribute to the cropping system (such as addition of organic matter, erosion control, weed control, and improvements in soil structure and tilth, nitrogen fertility, and crop productivity). Therefore, their potential for improving disease control is mainly a bonus. In the present study, only winter rye and, to a lesser extent, ryegrass, were tested as a cover crop within potato cropping systems. Further research would be appropriate to determine whether other cover crops may provide additional benefits.
Based on the results from this study, as well as our other current and previous cropping system studies (34) (35) (36) (37) (38) , the best use of rotations for the management of diseases and sustainable potato production in the northeast should involve (i) the use of a 3-year rotation or longer; (ii) the use of a disease-suppressive rotation crop prior to potato, such as a Brassica (canola, rapeseed, mustard) crop or small grain (i.e. barley); and (iii) the use of a fall cover crop (such as winter rye or ryegrass) following both the rotation and potato crops. Effective rotations are important for reducing or minimizing potential soilborne disease problems but cannot, by themselves, completely control or eliminate diseases. Good rotation strategies should be used in conjunction with other crop and soil management approaches to achieve more sustainable crop production.
